We propose and study a novel extension of the Standard Model based on the B − L gauge symmetry that can account for dark matter and neutrino masses. In this model, right-handed neutrinos are absent and the gauge anomalies are canceled instead by four chiral fermions with fractional B−L charges. After the breaking of U (1) B−L , these fermions arrange themselves into two Dirac particles, the lightest of which is automatically stable and plays the role of the dark matter. We determine the regions of the parameter space consistent with the observed dark matter density and show that they can be partially probed via direct and indirect dark matter detection or collider searches at the LHC. Neutrino masses, on the other hand, can be explained by a variant of the type-II seesaw mechanism involving one of the two scalar fields responsible for the dark matter mass.
Introduction
Models in which the difference between baryon and lepton number, B − L, is gauged are economic and well-motivated extensions of the Standard Model [1] [2] [3] [4] [5] [6] that may shed light on the origin of neutrino masses [7, 8] and the nature of the dark matter [9] [10] [11] -two of the most pressing problems in particle physics today. Among the possible realizations of such models, the minimal one is that based on the gauge group SU (2) L × U (1) Y × U (1) B−L , which simply extends the Standard Model (SM) with an extra U (1) of B − L.
In these models, the cancellation of gauge anomalies is usually achieved with the addition of three right-handed neutrinos, which simultaneously allow to explain neutrino masses via the type-I seesaw mechanism [12] [13] [14] [15] . Several attempts have also been made to incorporate the dark matter within these scenarios [16] [17] [18] [19] [20] [21] [22] [23] . It has been known for some time, though, that the anomalies in this model can also be canceled in other ways. In particular, a model with 3 singlet fermions with B − L charges 5, −4 and −4 was first proposed in [24] and has received some attention lately -see e.g. [25] [26] [27] [28] .
In this paper we present a new B −L gauge model, based on the U (1) B−L extension of the SM, in which the right-handed neutrinos are absent and the gauge anomalies are canceled instead by four chiral fermions that are singlets under the SM gauge group but have fractional charges under U (1) B−L . These charges forbid any tree level interactions between the Standard Model particles and the new fermions, rendering the lightest of them automatically stable and therefore a viable dark matter candidate. Two important features of this model are thus that the fields responsible for anomaly cancellation also explain the dark matter and that the stability of the dark matter particle is automatic -there is no need to impose any extra discrete symmetries to ensure it.
Besides these four chiral fermions, the model includes two scalar fields, also singlets of the SM, with B − L charges 1 and 2, which spontaneously break the B − L symmetry and give Dirac-type masses to the new fermions. Another scalar field, a triplet of SU (2) , is further required to explain neutrino masses via a variant of the type-II seesaw mechanism [29] [30] [31] [32] . Interestingly, the necessary induced vacuum expectation value is here generated by one of the scalar particles responsible for the dark matter mass, thus indirectly connecting neutrino masses and dark matter.
The plan of the paper is as follows. In the next section the model is introduced and described in detail. We write down the full Lagrangian, implement symmetry breaking, and find the fermion and scalar mass matrices. The dark matter phenomenology is presented in section 3. Specifically, we determine the regions of the parameter space consistent with the observed value of the dark matter density and discuss the role of current and planned dark matter experiments in probing them. In section 4 the LHC bounds are examined while in section 5 we explain how neutrino masses are generated within this model. Finally, we summarize our results in section 6.
The B − L gauge extension of Standard Model (SM), where the difference between baryon and lepton number is defined as a local gauge symmetry, is one of the simplest extensions from the point of view of a self-consistent gauge theory. It naturally appears in well-motivated scenarios for physics beyond the SM, such as left-right theories and unification models. Here, we will focus on a model based on the
With just the SM fermions, this model is not anomaly-free as both
are non-zero. The usual way of overcoming this problem is to add righthanded neutrinos N Ri , (i = 1, 2, 3), each of which has a B − L charge of −1.
In addition, these right-handed neutrinos may also explain neutrino masses via a type-I seesaw mechanism.
In this paper, we would like to propose an alternative way of canceling the gauge anomalies that does not invoke right-handed neutrinos. As we will see, this novel scenario provides a direct connection to dark matter and offers also an interesting link to neutrino masses.
Particle content
In a model without right-handed neutrinos, the B − L gauge anomalies can be canceled instead by the following four chiral fermions
which are singlets under the SM gauge group but have fractional charges under B − L (the number in parenthesis). Here the fields ξ L and η L are left-handed, while χ iR (i = 1, 2) are right-handed. First of all, let us check that the gauge anomalies indeed vanish
In addition to these fermions, the model includes two new scalars, φ 1 , φ 2 , also singlets under the SM, with B − L charges 1, 2 respectively, which break the B − L symmetry and give masses, via their vevs, to the new fermions. These fermions arrange themselves into two Dirac particles, the lightest of which is automatically stable -without the need of ad hoc discrete symmetries -and constitutes a viable dark matter candidate. Thus, the dark matter is explained in this model by the same fields that are required to cancel the gauge anomalies. Moreover, since the correct relic density is obtained, within the thermal scenario, for dark matter masses around the TeV scale, the B − L breaking scale should also lie close to TeV and, therefore, not far from the LHC reach. Hence, this scenario predicts a low B − L breaking scale and could be tested not only via dark matter experiments but also at colliders. Finally, one more scalar, ∆, triplet of SU (2) and with B − L = −2, helps neutrinos to acquire non-zero Majorana masses via a variant of the type-II seesaw mechanism involving also φ 2 . Indeed, as explained in section 5, the vacuum expectation value of ∆ is induced by the SM Higgs H and the scalar φ 2 , thus linking neutrino masses and dark matter within this model. The complete particle content, with the respective quantum numbers, is presented in Table 2 .1.
To explain the smallness of neutrino masses, the scalar field ∆ must be heavy (M ∆ 1 TeV), so it effectively decouples from other phenomena at lower energies. To simplify our analysis, in the following we will include ∆ only in our discussion of neutrino masses, in section 5.
The Lagrangian
The most general Lagrangian involving the new fields and consistent with the
where α i , β i are new Yukawa couplings, g BL is the gauge coupling associated to the U (1) B−L group, Z µ is its corresponding gauge boson, and F Z µν the respective field strength tensor. The scalar potential, V (H, φ 1 , φ 2 ), will be discussed in the following subsection.
Notice that bare mass terms for the new fermions are forbidden by the B −L symmetry. Their masses are generated instead from the Yukawa terms once φ 1,2 acquire vacuum expectation values.
Remarkably, this Lagrangian automatically includes an accidental Z 2 symmetry under which the new fermions are odd while the other fields are even. Thus, the lightest of these fermions will be stable and a viable dark matter candidate.
The scalar sector and symmetry breaking
The most general scalar potential involving H, φ 1 and φ 2 and consistent with the gauge symmetry of our model is
The fields H 0 , φ 1 and φ 2 can be parametrised in terms of real scalars and pseudoscalars as
with
The minimisation conditions of the scalar potential imply that
Because φ 1 and φ 2 are charged under B − L, their vevs induce a nonzero mass for the neutral gauge boson, Z , associated with the B − L gauge symmetry. This mass is given by
It is convenient to define a new dimensionless parameter, tan β, as the ratio between the vevs of the scalars fields φ 1 and φ 2 : tan β =
. Thus,
so that v 1 , v 2 can be written in terms of M Z , g BL and tan β.
Since the Z couples to the SM fermions, its mass can be constrained with collider data. From LEP II the bound reads [33, 34] 
LHC data also set limits on M Z , as will be discussed in section 4.
Scalar masses
The terms proportional to ρ 1 and ρ 2 in equation (4) induce mixing between the SM Higgs boson and the new scalar fields of this model. Since the scalar boson observed at the LHC with a mass of M h = 126 GeV is very much SMlike [35, 36] , this mixing is necessarily small. For simplicity, in the following we will neglect this mixing, effectively setting ρ 1,2 to zero.
The scalar CP-even spectrum thus consist of the SM Higgs plus two other states which mix with each other according to the mass matrix
in the (h 1 , h 2 ) basis. The resulting mass eigenstates, denoted by H 1 and H 2 , are related to h 1,2 via the mixing angle, θ:
It is convenient to take as free parameters of the scalar sector the physical masses of H 1,2 (M H 1,2 ) and the mixing angle θ. The couplings λ i can then be expressed in terms of them as
The mass matrix for the CP-odd scalars in the basis (A 1 , A 2 ) is given instead by
and, as expected, has an eigenvalue equal to zero -the would-be Goldstone boson that becomes the longitudinal mode of the Z . The mixing angle, α, in this case is entirely determined by the vevs: sin α = 4v 2 2 /(v 2 1 + 4v 2 2 ). The physical CP-odd eigenstate will be denoted by A and its mass by M A . The parameter µ is then given as
This model predicts, therefore, the existence of 3 scalar fields beyond the SM Higgs: H 1 , H 2 and A. These fields have scalar interactions among themselves, gauge interactions with the Z , and Yukawa interactions with the new fermions.
Fermion masses
The scalar fields φ 1 , φ 2 are required to give masses to the new fermions after the spontaneous breaking of the B − L symmetry. From the Lagrangian, we can read the fermion mass matrix as
which has a Dirac form. Hence, this model contains two Dirac mass eigenstates, denoted by ψ 1,2 , the lightest of which will be the dark matter particle. They are related to the original gauge eigenstates via the mixing matrices U L and U R that diagonalize the fermion mass matrix as
where
It is convenient to take as free parameters determining the fermion mass matrix the two mass eigenvalues M 1,2 and the two mixing angles θ L,R . The couplings α 1,2 and β 1,2 can then be written in terms of these parameters as
The interactions terms between the new neutral fermions and the Z is given, in the mass eigenstate basis, by which does not depend on θ R . Without loss of generality we assume in the following that ψ 1 is lighter than ψ 2 and, therefore, the dark matter candidate. The vector (g ψV ) and axial (g ψA ) couplings of the dark matter particle to the Z , which play a crucial role in the dark matter phenomenology, are then given by
We now have all the ingredients required to quantitatively study the implications of this model. In the next section, we investigate in detail the dark matter phenomenology.
Dark Matter Phenomenology

Thermal relic density
Being neutral and stable, the lightest Dirac fermion of this model, ψ 1 , is a viable cold dark matter candidate. It has U (1) B−L gauge interactions mediated by the Z and also scalar interactions, induced by the new Yukawa couplings, with H 1 , H 2 and A. Both interactions may contribute to dark matter annihilation in the early Universe. Figure 1 shows some representative Feynman diagrams for dark matter annihilation in this model. The annihilation into SM fermions mediated by the B − L gauge boson (left diagram in figure 1) has a cross section which, in the non-relativistic limit and neglecting fermion masses, is given by
where M DM denotes the dark matter mass, Γ Z is the total decay width of the Z , and (N f c , g f V ) is equal to (1, -g BL ) for leptons and to (3, g BL /3) for quarks. Hence, dark matter annihilation mediated by Z depends only on four free parameters: M DM , M Z , g BL and θ L (via g ψV ).
In addition, the dark matter could also annihilate into final states containing scalar particles (H 1,2 , A) via several diagrams, two of which are displayed in figure 1 . Besides the scalar masses, these annihilations into scalar particles depend on other parameters such as tan β, θ L,R , and the mixing angle in the scalar sector, θ. For an accurate calculation of the relic density, we have relied on micrOMEGAs [37] (after implementing the model via LanHEP [38] ), which automatically takes into account all the relevant contributions to the annihilation cross section and properly treats the annihilations close to the resonance. To illustrate the dependence of the dark matter relic density with the parameters of the model, we show in figure 2 the predicted relic density as a function of the dark matter mass for three different combinations of (g BL , M Z ), all of them consistent with the LEPII limit from equation (9) . In this figure, tan β = 1, the scalar masses were set to 1 TeV, and the mixing angles in the scalar and fermionic sectors were assumed to be negligible (θ = θ L,R = 0). From the figure we see that the minimum value of the relic density is obtained at the resonance, M DM ∼ M Z /2, and that its value increases with the Z mass. As expected, this resonance region becomes wider as M Z increases. The horizontal orange band corresponds to the region consistent with the observed dark matter density [39] . For this set of parameters, the dark matter constraint can be satisfied in two different regions: around the resonance, and for dark matter masses close to 4 TeV. If we now allow tan β to vary, the picture changes slightly due to the contribution from the final states containing scalar particles, as illustrated in figure 3 . In it, the B − L gauge coupling and gauge boson mass were fixed -respectively at 0.5 and 3.5 TeV -but three different values of tan β were considered: 1 (red), 2 (cyan) and 3 (violet). Since tan β modifies only the couplings to the scalars, the relic density does not depend on its value when the dark matter mass is below the scalar masses (1 TeV in the figure) or close to the Z resonance region, as clearly seen in the figure. Notice that Ω DM h 2 in this case decreases with tan β, allowing to satisfy the relic density constraint over a wide range of dark matter masses above the resonance. Figure 4 demonstrates how the contribution from different final states to the relic density changes with the dark matter mass and with tan β. It shows the ratio between the dark matter annihilation cross section into a given final state and the total annihilation cross section at freeze-out for the most relevant final states: SM fermions (solid blue line), H 2 Z (dashed red line), H 1 Z (dotted magenta line) and H 2 A 2 (dash-dotted green line). The left (right) panel corresponds to tan β = 1 (tan β = 3) while the rest of parameters are identical to those used in figure 3 . Notice that, for tan β = 1, the annihilation into fermions is dominant up to a dark matter mass of about 3 TeV. From then on, it is the H 2 Z final state that dominates. For tan β = 3 (right panel) the final state H 2 A becomes very important, dominating the annihilation rate for dark matter masses above 2 TeV. In this case, the SM fermions constitute the primary annihilation channel for M DM < M H 1,2 ,A and also around the Z resonance.
In the following, we will focus on the case where the B −L gauge interactions, rather than the scalar ones, determine the relic density. This choice is motivated by several factors. On the one hand, such scenario is more predictive, because the dark matter relic density depends only on four parameters: M DM , M Z , g BL , and θ L . On the other hand, these gauge interactions also determine the expected signals in dark matter detection experiments and at the LHC, implying interesting correlations between different observables and providing a way to test this model in the near future.
The viable parameter space
To determine the viable regions of this model, we have randomly scanned its parameter space within the ranges shown in Table 3 .2. Then, we have selected those points consistent with perturbativity (|λ| < 1 for all dimensionless couplings λ), with the LEP II bound -equation 9-and with the observed dark matter density, Ω DM h 2 ≈ 0.12 [39] . As already stated, this relic density was assumed to be the result of a thermal freeze-out in the early Universe and to be dominated by the B − L gauge interactions. The resulting sample of points represents what we call the viable parameter space of this model. Later, we will examine whether these viable points are also consistent with dark matter detection bounds and with current LHC searches. Let us first analyze this viable parameter space. Figure 5 projects the viable parameter space onto two different planes: (M DM , M Z ) in the left panel, and (M DM , g BL ) in the right one. From the left panel we see that the correct relic density can be achieved over a wide range of dark matter masses, but always relatively close to the Z resonance. Moreover, we obtain an upper limit on the dark matter mass of about 10 TeV, and a corresponding upper limit on M Z of order 20 TeV. From the right panel, we see that g BL can vary between 10 −3 , for light dark matter particles, and 1 (the highest value allowed in our scan) for dark matter masses close to their upper limit.
The other parameters that could affect the relic density are the fermion mixing angles, θ L,R . We already saw, however, that only θ L enters into the dark matter annihilation cross section. The left panel of figure 6 shows that indeed the viable points have no preference for any particular value of θ R . A different pattern emerges for θ L , as illustrated in the right panel. In this case, we see that at high dark matter masses θ L has to be small. This result is in agreement with the fact that for small values of θ L , the left-handed component of the dark matter particle coincides with the field ξ L , which has the largest B − L charge among the new fermions. Alternatively, one can see that g ψV is maximized for θ L = 0. Notice that for sin θ L ≈ ±1, corresponding to ψ 1L ≈ η L , the upper limit on the dark matter mass is smaller, of order 6 TeV.
We have now characterized the viable regions of this model, those consistent with the LEP limit and with the observed dark matter density. It remains to be seen whether these regions are also compatible with current limits from direct and indirect dark matter detection experiments, and whether they can be probed in future experiments.
Indirect detection
The dark matter indirect detection signals -γ, ν, e + andp fluxes -are determined, on the particle physics side, by the mass of the dark matter particle, its annihilation cross section σv, and the annihilation final states. The differential photon flux from a given angular direction ∆Ω, for example, can be expressed as
where the index i runs over the different final states from dark matter annihilation, Br i is the branching ratio into the i final state, and dN i γ dEγ is the differential γ-ray yield per annihilation into the i final state; J ann is instead the annihilation J-factor, which characterizes the astrophysical environment (e.g. the galactic center or a dwarf galaxy) where the signal is produced. Fermi-LAT (dSphs) Figure 7 : The dark matter annihilation cross section versus the dark matter mass for our sample of viable models. The solid black line shows the limit we have derived for this particular model from Fermi-LAT data. This limit is based on the stacked analysis of 15 dwarf spheroidal galaxies presented in [40] . Currently, the Fermi-LAT limits from dwarf spheroidal galaxies [40] provide the strongest constraints on the annihilation cross section over a wide range of dark matter masses. These constraints are presented separately, in the plane dark matter mass versus σv, for different annihilation channels ( + − , qq, W + W − , bb), assuming a 100% branching ratio in each case. Thus, they can be directly applied to models where a single channel tends to dominate the annihilation cross section. That is not the case in our model, however, because being a process mediated by the Z , the dark matter an- nihilates into all SM fermions with comparable branching ratios. In fact, each fermion contributes to the annihilation rate with a weigth proportional to N c Q 2 B−L , where N c is its color factor and Q B−L its B − L charge. We have used these branchings and the likelihoods provided by the Fermi-LAT collaboration [41] to derive an upper limit on σv (at 95% CL) for our model (valid also for other models based on the B −L gauge symmetry). This limit is displayed in figure 7 as a solid black line. Notice that only few points are currently excluded by the Fermi-LAT data. All of them feature dark matter masses below 1.5 TeV and annihilation cross sections higher than the thermal one. In the near future, the Cherenkov Telescope Array (CTA) [42] is expected to significantly improve the Fermi-LAT limits, particularly at high dark matter masses. But given the suppressed value of σv that is typical of this model, the impact of the CTA on the viable parameter space is expected to be very limited.
Direct detection
The dark matter particle in this model can scatter coherently off nuclei via a tree-level Z -exchange diagram. Since the coupling between the quarks and the Z is vector-like, the spin-dependent cross section vanishes and only the spin-independent (SI) one contributes to the scattering. The dark matternucleon SI cross section is given by
where we use the fact that the nucleon mass, m n , is much smaller than the dark matter mass. The direct detection cross section of the dark matter is thus determined by just three parameters: g BL , M Z , and θ L . Figure 8 shows the spin-independent cross section versus the dark matter mass for the viable parameter space. We see that the predicted cross section varies approximately between 10 −13 and 10 −8 pb. Current limits from XENON100 [43] and LUX [44] are displayed as solid lines. They can exclude only a handful of points with dark matter masses below 400 GeV. The expected sensitivity of the XENON1T experiment [45] , which is already taking data, is also shown as a dashed line. From the figure we see that XENON1T will probe dark matter masses as high as 4 TeV and may exclude a significant fraction of the viable parameter space.
LHC bounds
The Z boson of the gauged B −L model can be produced at hadron colliders [33] such as the LHC. Current dilepton limits (qq → Z → ¯ ) from the LHC [46] , in fact, provide stringent constraints on the B − L gauge boson, as recently shown in [22] . Figure 9 compares, in the plane (M DM , g BL ), our viable parameter space with the LHC limits. Points lying to the left of the red line are not consistent with the LHC observations. We see that the region M Z 1 TeV (corresponding to a dark matter mass M DM 500 GeV, see figure 5 ) is completely excluded by LHC data. For Z masses between 1 and 3 TeV, some points are ruled out, depending on the value of g BL . The region M Z 3 TeV, on the other hand, is not constrained by current data. In the near future, these limits will become more stringent as more data from the 13 TeV run becomes available.
Neutrino masses
Since the right-handed neutrinos are absent in our model, neutrino masses cannot be generated via the type-I seesaw mechanism. A simple alternative seems to be the type-II seesaw [29] [30] [31] [32] , in which a scalar triplet ∆ is added to the SM and gets, after electroweak symmetry breaking, a small vev induced by the trilinear term µ ∆ ∆HH. The interaction term f ∆ this case by the fact that ∆ ∝ 1/M 2 ∆ , which is suppressed for a heavy ∆. This type-II seesaw is then the motivation to include a scalar triplet in the particle content of our model -see section 2.
Notice, though, that the extra B − L symmetry of our model prevents the realization of the standard type-II seesaw as mentioned above. In fact, the coupling f ∆ T L ∆ L fixes the B − L number of ∆ to be −2, which implies that the term µ ∆ ∆HH is forbidden -since H has B − L equal to zero. Remarkably, the field φ 2 , which is already part of this model, provides a way out of this problem, as we now explain.
The Lagrangian terms involving the triplet field are given by 
. We see that the term H∆Hφ 2 could play the role of the trilinear term µ ∆ ∆HH in the standard type-II seesaw. The dimensionful term µ ∆ is here replaced by the scalar field φ 2 (see figure  10 ), which is also responsible for the breaking of B − L and the masses of 
and the light neutrino mass matrix becomes
For typical input model parameters v 100 GeV, v 2 TeV and λ ≤ O(1), the O(0.1) eV scale of light neutrinos with Yukawa couplings f 0.1 is generated by scalar triplet masses around 10 8 GeV.
Conclusions
We presented a new U (1) B−L gauge extension of the Standard Model in which the gauge anomalies are canceled by four chiral fermions with fractional B − L charges rather than by right-handed neutrinos. The resulting scenario is simple and predictive and can simultaneously explain dark matter and neutrino masses. A remarkable feature of this framework is that the lightest among the new fermions originally introduced for anomaly cancellation is automatically stable -the B − L charges forbid any tree level interaction with the Standard Model particles -and constitutes a viable dark matter candidate. We determined the regions of the parameter space that are consistent with the observed dark matter density and showed that they can be partially tested in current and future dark matter experiments. LHC searches were also found to constrain the parameter space in an important way. Finally, we showed that neutrino masses in this model can be explained by a type-II seesaw mechanism involving also one of the fields responsible for the dark matter mass. This new B − L model is thus an attractive and testable scenario for physics beyond the Standard Model.
